Embryo quality is most frequently evaluated at the blastocyst stage, although quality parameters further back along the developmental axis, such as early developmental kinetics or oocyte quality, can be equally valuable. Despite the fact that previous studies in bovine have linked oocyte diameter and early developmental kinetics with blastocyst formation and viability, their relation with the incidence of apoptosis during embryo development remains relatively unexplored. Therefore, we related noninvasive parameters of oocyte and embryo quality, such as embryo kinetics, embryo morphology, and oocyte diameter, to the incidence of apoptosis throughout embryo development using fluorescent detection of active caspase-3 and -7. First, bovine in vitro embryos were selected according to developmental kinetics and morphology at four set times during culture and subjected to fluorescent detection of active caspase-3 and -7. Caspase activity was significantly higher in slow developing embryos in comparison with fast cleavers (P!0.05), but was not related to embryo morphology. Second, bovine oocytes were divided into three groups on the basis of oocyte diameter and the resulting embryos were used for staining at the same four set times. Caspase activity was significantly higher in embryos derived from growing oocytes compared with those of fully grown oocytes at 45, 80, and 117 hours post-insemination (hpi; P!0.05), but not at 168 hpi. Reproduction (2007) 133 709-718 
Introduction
Evaluation and prediction of in vitro embryo quality has become a key issue both for commercial embryo transfer and for research purposes (Maddox-Hyttel et al. 2003) . Selection of embryos of superior morphology remains the most practical and clinically useful approach in bovine and human embryo transfer (Overströ m 1996, Alikani et al. 2002) . Superior embryo morphology is mainly characterized by evenly sized blastomeres and the absence of fragmentation (Lindner & Wright 1983) and is most frequently evaluated at the blastocyst stage (Bavister 1995) . In human and porcine embryos, embryonic fragmentation is linked with apoptosis (Jurisicova et al. 1996 , Mateusen et al. 2005 ; however, in vitro produced bovine morulae show no clear correlation between fragmentation and apoptosis, particularly in those embryos where fragments makeup !50% of the total embryo volume (Van Soom et al. 2003) . Further work is required to determine the underlying mechanisms surrounding embryonic fragmentation.
Besides frequently used morphological evaluation of blastocyst superiority, other quality parameters further back along the developmental axis, such as morula compaction, early developmental kinetics, or oocyte quality, can be equally valuable and are often neglected. Although previous studies in bovine have linked oocyte diameter and early developmental kinetics with blastocyst formation and viability (Van Soom et al. 1992 , Grisart et al. 1994 , Fair et al. 1995 , Otoi et al. 1997 , their relation with the incidence of apoptosis during embryo development remains unexplored. Suboptimal culture conditions undoubtedly contribute to embryonic apoptosis, but the intrinsic quality of the oocyte and the embryo may also be a causative factor. It is generally accepted that the oocyte is in control of early embryogenesis: during early cleavage stages, embryonic development is supported by maternal mRNAs and proteins synthesized and stored during oocyte growth (Fair et al. 1995) . Inadequate provision of maternal products to the early embryo may lead to delayed embryo development or even embryonic demise (Jurisicova & Acton 2004) . Transcripts of genes of Bcl-2 family members are present at different levels in human oocytes, resulting in a different balance in expression of pro-and anti-apoptotic genes, which may shift the oocyte's developmental potential in the direction of either cell death or cell survival (Jurisicova & Acton 2004) . We have recently shown that maternal transcripts of caspase-3 and -7, which play an important role in the caspase cascade of apoptosis, are also expressed in 40 and 30% of bovine oocytes respectively, but we could not demonstrate the presence of active caspases in fresh oocytes (Yuan et al. 2005) . Since the influence of oocyte quality may only become obvious after oocyte fertilization or during the transition to embryonic control (Jurisicova & Acton 2004) , we speculated that oocyte quality and consequently embryo quality in terms of early development and morphology could both be related to apoptosis.
In order to prevent false-positive results in some cases of necrosis, it has been postulated that reliable information on the level of apoptosis can rather be gained by the detection of specific proteins from the apoptotic cascade system such as active caspases than by TUNEL or Annexin V staining (Grasl-Kraupp et al. 1995 , Levy et al. 1998 , Martinez et al. 2002 . At least 14 different caspases were initially detected at the level of mRNA using RT-PCR, six of which were present in cattle (Shi 2002 , Yuan et al. 2004 . Because caspase-3 and -7 are both executioners of apoptosis and because especially caspase-3 (Earnshaw et al. 1999 ) is involved in both the receptor-mediated and the intrinsic pathway of apoptosis, immunofluorescent staining of active caspase-3 and -7 was chosen to determine the incidence of apoptosis in embryos.
Therefore, the aim of the present study was to relate non-invasive parameters of oocyte and embryo quality, such as embryo kinetics, embryo morphology, and oocyte diameter, with the incidence of apoptosis throughout embryo development using fluorescent detection of active caspase-3 and -7.
Materials and Methods

Media and reagents
Basal medium eagle amino acids, minimal essential medium non-essential amino acids (100!), TCM-199-medium, and gentamycin were obtained from GIBCO-BRL Life Technologies (Merelbeke, Belgium). Fetal calf serum (FCS) was purchased from Biochrom AG (Berlin, Germany), CaspaTag Pan-Caspase in situ Assay kits (Fluorescein) were purchased from Chemicon Belgium (Leuven, Belgium), and all other components were purchased from Sigma. All media were filtersterilized (0.22 mm Millipore Co. New Bedford, MA, USA) prior to use.
In vitro production of embryos
Bovine embryos were produced by routine in vitro methods (Vandaele et al. 2006) . Briefly, bovine ovaries were collected at the abattoir and processed within 2 h. The ovaries were washed thrice in warm physiological saline supplemented with kanamycin (25 mg/ml, GIBCO-BRL Life Technologies, Merelbeke, Belgium). The oocytes were aspirated from follicles between 4 and 8 mm in diameter and cultured in groups of 100 in 500 ml modified bicarbonate buffered TCM199 supplemented with 20% heat-inactivated FCS (Biochrom AG, Berlin, Germany) for 20-24 h at 38.5 8C in 5% CO 2 in air. Frozen-thawed bovine semen was separated over a Percoll gradient (45 and 90%; Pharmacia, Uppsala, Sweden) and washed. The final sperm concentration of 1!10 6 sp/ml was adjusted in IVF-TALP, consisting of bicarbonate buffered Tyrode solution, supplemented with BSA (6 mg/ml) and heparin (25 mg/ml). The matured oocytes were washed in 500 ml IVF-TALP and incubated with sperm. After 20-24 h incubation, the presumed zygotes were vortexed to remove excess sperm and cumulus cells. The washed zygotes were transferred to synthetic oviduct fluid supplemented with amino acids and FCS (SOFaa C5% FCS) medium and were cultured in 50 ml droplets under mineral oil in groups of 25 in 5% CO 2 , 5% O 2 , and 90% N 2 .
Cumulus cell culture
For the evaluation of the caspase staining, a cumulus cell monolayer was established for each replicate. Each well of a four-well culture dish contained a cell culture insert and was pre-incubated with 400 ml FCS for 1 h at 38.5 8C in order to stimulate the attachment of the cumulus cells onto the insert. After vortexing of the presumed zygotes, the cumulus cells were isolated and centrifuged at 750 g for 10 min. Following the removal of the supernatant, the pellet was resuspended in 2 ml modified culture medium (bicarbonate buffered TCM 199, 10% FCS, and 0.1% gentamycin) and each well was filled with 500 ml cumulus cell suspension and allowed to settle. Culture took place at 38.5 8C in 5% CO 2 in air and the medium was replaced twice after 72 and 144 h of culture, at which time the cumulus cells had reached confluence.
Evaluation of apoptosis by means of caspase-3 and -7 staining
Caspase-3 and -7 were stained by means of fluorochrome labeled inhibitor of caspase (FLICA) using the CaspaTag Pan-Caspase in situ Assay kit, Fluorescein (Chemicon). The FLICA probe, a carboxyfluoresceinlabeled fluoromethyl ketone peptide inhibitor of caspase (FAM-DEVD-FMK) was designed to specifically bind caspase-3 by incorporating four-amino acid peptide moiety. After entering the cell, the non-cytotoxic probe will covalently bind not only to caspase-3, but also to caspase-7. The FLICA staining solution was diluted 150 times and centrifuged for 3 min at 8450 g immediately before use. The washing buffer from the staining kit was diluted ten times in distilled water and stored at K20 8C for a maximum of 2 weeks.
The cumulus cell culture was stained simultaneously with the embryos selected at 168 hours post-insemination (hpi). During the staining procedure, light exposure was kept to a minimum. Positive controls were incubated in 0.5 mM staurosporine for 24 h before staining for embryos and 12 h before staining for two positive wells of cumulus cell monolayers. Immediately after selection and washing in polyvinyl pyrrolidone (PVP, 0.1% in PBS) solution, positive controls (embryos and one well of the cumulus cell monolayer) and test embryos were incubated in FLICA staining solution (35 ml droplets for embryos and 300 ml for cumulus monolayers) for 1 h at 38.5 8C in 5% CO 2 in air. Meanwhile, negative controls (embryos and one well of the cumulus cell monolayer) were incubated in PVP solution. Then all embryos and cell monolayers were washed in wash buffer for 5 min at RT and subsequently fixed in the 300 ml fixative included in the staining kit in a four-well dish for 15 min at RT in darkness. After fixation, all the embryos and cumulus cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min at RT and subsequently washed twice in PVP solution for 2 min. In order to prevent RNA staining by propidium iodide (PI), the embryos and cumulus cells were incubated in RNase A (50 mg/ml in PBS) for 1 h at 37 8C. The nuclei were then counterstained with 0.5% PI in PVP in droplets for 15 min. After a quick wash in PVP, the embryos were mounted in glycerol with 1,4-diazabicyclo (2.2.2) octane (25 mg/ml; Acros, Ghent, Belgium) on slides with vaseline bridges. Similarly, the inserts with cumulus cells were removed and mounted in a small droplet of glycerol with 1,4-diazabicyclo (2.2.2) octane (25 mg/ml; Acros, Ghent, Belgium).
Experimental design
Experiment 1: detection of caspase-3 and -7 during early embryo development in relation to developmental kinetics and embryo morphology A total of 2640 immature bovine oocytes were matured, fertilized, and cultured in vitro (four replicates). Each replicate consisted of 110 positive control embryos, 110 control embryos, and 440 test embryos. The cleavage rate was determined at 45 hpi for all embryos, except for the positive controls. The test embryos (110 at 45, 80, 117, and 168 hpi respectively) were allocated to four groups according to their developmental kinetics and morphology (Fig. 1) . The time points and criteria for the selection of fast or slow developing embryos were determined on the basis of previous studies in similar culture conditions (Dinnyés et al. 1999 , Yoshioka et al. 2000 , Lequarré et al. 2003 and verified in a preliminary experiment (data not shown).
As far as the developmental kinetics were concerned, embryos that were lagging one cell cycle behind at each time point were considered impaired (slow developers). Embryos of poor morphology were asymmetrical or fragmented as judged by stereomicroscopical evaluation (wild stereomicroscope with total magnification 75!). Embryos were judged to have a good morphology when they were symmetrical without any fragmentation. All selected embryos were washed four times in PVP solution before caspase staining. The apoptotic cell ratio (ACR) was compared at all time points between groups. Finally, the blastocyst yield of the control embryos was evaluated at 168 hpi.
Experiment 2: temporal expression of caspase-3 and -7 in embryos originating from oocytes with different diameters A total of 3300 immature bovine oocytes were matured, fertilized, and cultured in vitro (five replicates). Each replicate consisted of 110 positive control embryos, 110 control embryos, and 440 test embryos. The diameter of the test zygotes (cytoplasm without zona) was measured at 24 hpi (after vortexing) using a stereomicroscope, magnification 75!, equipped with an eyepiece with a micrometer cross. On the basis of these findings, the test zygotes were divided in three groups: small (!110 mm), medium (110-120 mm), and large oocytes (O120 mm). The oocyte and zygote diameters are considered to remain the same throughout maturation and fertilization. The cleavage rate was determined at 45 hpi for all embryos, except for the positive controls. At each of the four time points (45, 80, 117 , and 168 hpi), embryos were selected from each of the three diameter groups on the basis of their development. In this way, at each time point, one-fourth of the embryos in each diameter group (approximately 25 small, 50 medium, and 25 large oocytes) were evaluated for selection. From each of the three diameter groups, 2-to 8-cell embryos were selected at 45 hpi, 5-to 16-cell embryos at 80 hpi, 9-to 16-cell embryos and morulae at 117 hpi, and at 168 hpi blastocysts were counted and recovered. The division of selected embryos in each diameter group in analogy with the first experiment (in four groups according to developmental kinetics and morphology) would have led to 12 groups in total and was therefore practically not possible. After four washes in PVP solution, all selected embryos were immediately stained for caspase-3 and -7 in three oocyte diameter groups. The cleavage and blastocyst rate were compared between groups and with the control group. Furthermore, the total cell number and the ACR were compared over each time point between groups.
Statistical analysis
In the first experiment, mixed model univariate analyses of variance were performed with group as fixed factor and replicate as random factor. Replicate was included as a random variable. The analyses were repeated at each time point separately, namely 45, 80, 117, and 168 hpi. Post hoc pairwise comparisons between the groups were made using Scheffe's tests. In the second experiment, mixed model univariate analyses of variance with group as fixed factor and replicate as random factor were used to evaluate total cell number and ACR at each time point (45, 80, 117, and 168 hpi) . Post hoc pairwise comparisons between the groups were made using Scheffe's tests. The percentage of cleaved embryos (at 45 hpi) in all test droplets was investigated using mixed model analyses of variance with group as fixed and replicate as random factor. Because of the low number of remaining droplets at 168 hpi, logistic regression with blastocyst yield as dependent variable and oocyte diameter as independent variable including the effect of replicate was used to compare the blastocyst development in the three groups.
For all mixed model analyses, the assumptions of the models, namely normal distribution of data and homogeneity of variances between the groups, were checked. Differences were considered to be statistically significant at the 5% level (two-sided). Statistical analyses were performed using SPSS version 12.0.
Results
Experiment 1
Total cleavage rates at 45 hpi and blastocyst yield at 168 hpi were 60.5 and 26.9% respectively. Active caspase-3 and -7 could be detected at the earliest time points and thus from the two-cell stage onwards. The mean ACR was significantly lower in embryos with fast development and normal morphology at all time points and in embryos with fast development and poor morphology at 45 and 117 hpi (P!0.01; Fig. 2) . A significantly higher ACR was found in slow developing embryos, in comparison with fast cleaving embryos (P!0.01; Fig. 3 ). Although caspase activity was frequently observed in fragments, the differences in caspase activity between embryos with good and poor morphology were not significant (25.5G1.3% for good morphology and 28.8G2.0% for bad morphology), indicating that asymmetrical cleavage or fragmentation is not related to early signs of apoptosis. Although the incubation of positive control cumulus cells with staurosporine inhibited monolayer formation, control staining of negative and positive cumulus cells was satisfactory for each replicate and proved the reliability of the caspase staining (Fig. 4) .
Experiment 2
Cleavage rates at 45 hpi and blastocyst yield at 168 hpi in control embryos were 58.5 and 22.3% respectively Figure 2 Mean apoptotic cell ratio (ACR) and S.E.M. at 45, 80, 117, and 168 hpi in group 1 (embryos with fast development and good morphology), group 2 (embryos with fast development and poor morphology), group 3 (embryos with slow development and good morphology), and group 4 (embryos with slow development and poor morphology). a,b Bars with different superscript differ within each time point (P!0.01). Bars with different superscript differ within each time point (P!0.01).
( Table 1 ). The cleavage rate was significantly lower in embryos originating from small oocytes in comparison with embryos from the medium or large group (P!0.05; Table 1 ). Oocyte diameter significantly affected the blastocyst rate at 7 dpi (P!0.05) and medium and large oocytes developed significantly better to the blastocyst stages in comparison with small oocytes (Table 1 ). The total cell number of the embryos was significantly different between oocyte diameter groups at 45 and 80 hpi (P!0.05), but not at 117 and 168 hpi (PO0.05). The pairwise comparisons at 45 hpi indicated a significantly lower cell number in 2-to 8-cell embryos of the small group in comparison with the medium and large group (P!0.05; Table 2 ). At 80 hpi, a significantly higher total cell number was found in the large oocyte group in comparison with the small oocyte group (P!0.05; Table 2 ). The ACR showed a significant difference between groups at 45, 80, and 117 hpi (P!0.05), but not at 168 hpi (PZ0.06). Therefore, pairwise comparisons were only performed for the first three time points (Fig. 5) . The embryos derived from oocytes with a small diameter had a significantly higher average ACR than embryos derived from large oocytes at 45, 80, and 117 hpi (Fig. 5) . Table 1 Number of droplets and number of embryos evaluated for cleavage rate and blastocyst determination respectively, and cleavage and blastocyst rate (meanGS.E.M.) in control embryos and embryos originating from small, medium, and large oocytes (experiment 2). 
Number of droplets
Discussion
To our knowledge, the present study is the first one to use immunofluorescent detection of active caspases as an apoptotic marker during preimplantation development in bovine embryos. It also clearly demonstrated that active caspases can be detected from the two-cell stage in bovine IVF embryos. Moreover, a higher incidence of caspase-positive cells was evident in slow developing embryos at different time points during preimplantation development. Secondly, apoptosis was prominently influenced by oocyte quality until the morula stage, since cleaving embryos originating from small oocytes expressed a higher level of caspase activity. The first appearance of apoptosis is species dependent and has been observed in bovine in vitro embryos to occur around the eight-cell stage, i.e. at the time of embryonic genome activation after TUNEL or TUNEL in combination with the evaluation of nuclear morphology (Byrne et al. 1999 , Matwee et al. 2000 . Since TUNEL only detects later stages of apoptosis, it may well be that earlier stages of apoptosis are already present in 2-to 8-cell embryos (Collins et al. 1997) . The induction of DNA fragmentation with staurosporine throughout bovine embryo development (Matwee et al. 2000) and the detection of mRNA transcripts of caspase-2 and -3 in all stages of human preimplantation embryos (Jurisicova et al. 2003) suggest that the full apoptotic machinery is already present in early cleavage embryos. The fluorescent detection of active caspases as early as the two-cell stage in our study has confirmed this possibility. Some of the two-cell embryos which stained positive for caspases and belonged to the slow developing group may have been in developmental arrest, which is in accordance with the previous studies where apoptosis has been demonstrated in arrested two-to four-cell human and pig embryos (Spanos et al. 2002 , Mateusen et al. 2005 . Notwithstanding the presence of the full apoptotic machinery in normal developing early stage embryos, in humans, caspase could only be detected from the compacted morula stage onwards (Spanos et al. 2002) . A family of proteins called inhibitors of apoptosis proteins (IAPs) could play a pioneering role in this respect by binding directly to and inhibiting active caspases (Deveraux & Reed 1999 , Goyal 2001 , Spanos et al. 2002 . In this respect, it could be interesting to focus on immunofluorescent or other detection methods of IAPs in early arrested and non-arrested embryos.
The best known pathways of apoptosis, i.e. the mitochondrial and the receptor-mediated pathways, terminate with the activation of executioner caspases, which mediate the proteolytic cleavage of many proteins, leading to the typical apoptotic morphological features (Thornberry & Lazebnik 1998) . Mitochondrialmediated apoptosis results in the activation of caspase-3 and -6 by initiator caspase-9, while initiator caspase-8 and -10 activate executioner caspase-3 and -7 in the receptor-mediated apoptotic pathway. Interestingly, recent research has discovered a third pathway of apoptosis in which endonuclease G, released from mitochondria and translocated to the nucleus, can fragmentize DNA independently of active caspases (Li et al. 2001) . Nevertheless, the importance of caspases in the apoptotic mechanism cannot be neglected, since in several species, such as human, mouse, and rat, detection of caspase mRNAs and/or active caspase proteins has been associated with apoptosis during embryo development, mostly in a stage-specific manner (Exley et al. 1999 , Hinck et al. 2001 , Spanos et al. 2002 , Jurisicova et al. 2003 , Metcalfe et al. 2004 . From the results of both our experiments, it was obvious that the percentage of caspase-positive cells declined in advanced developmental stages. Embryos with very high level of expression of active caspases were probably going into developmental arrest and were therefore no longer selected at the next time point. In this way, caspase activity is not per se negative, because it is selecting against inferior embryos which are going into demise. In addition, it has been suggested that within embryos, activation of caspase can also occur through a non-apoptotic mechanism and may have a constructive role, rather than a destructive role in isolating fragments from healthy blastomeres (Martinez et al. 2002) .
At each time point in the first experiment, symmetry and absence of fragmentation were used as morphological criteria, since both have been related to poor bovine embryo quality, lower pregnancy and implantation rates in cattle (Lindner & Wright 1983) , and higher incidence of apoptosis in pigs (Mateusen et al. 2005) . Although abnormal morphology has been clearly associated with a higher apoptotic index and caspase expression in humans (Hardy et al. 1989 , Martinez et al. 2002 , and although fragmentation in humans can be associated with an expression of proapoptotic genes (Jurisicova et al. 2003) , abnormal morphology during embryo development could not be related to higher caspase activity in our study. In similarity with the results of Martinez et al. (2002) in humans, we also observed a higher incidence of caspase activity in fragments (data not shown), despite the fact that the proportion of caspase activity did not differ between embryos of good and poor morphology. In agreement with our findings, neither Antczak & Van Blerkom (1999) nor Wells et al. (2005) could find an association between fragmentation and apoptosis, a fact which they attributed to the diversity of mechanisms that can lead to fragmentation. Secondly, some researchers believe that embryo fragments are apoptotic bodies (Hardy 1999) . Therefore, activation of caspases and fragmentation might not be correlated because apoptotic bodies are endpoints of apoptosis, whereas caspase activity occurs much earlier in the pathway. Thirdly, pattern and grade of fragmentation, which have not been evaluated in our study, may be responsible for different results, because minor fragmentation (below 15%) seems to have no effect on subsequent development in pigs (Mateusen et al. 2005) . Finally, the impact of asymmetry on embryo quality could be discussed, since it frequently disappears during in vitro pig embryo development (Mateusen et al. 2005) . Further research aimed at clarifying the causes and mechanisms of fragmentation will probably help to explain the lack of correlation between embryo morphology and apoptosis in our study.
In contrast to the fact that morphological quality was not related to apoptosis, the first experiment clearly showed that embryos with slow development (meaning embryos that were lagging one cell cycle behind) had a higher incidence of apoptosis. Fast cleaving bovine embryos have an altered gene expression (Lonergan et al. 2000 , Ward et al. 2001 , Gutiérrez-Adán et al. 2004 , Dode et al. 2006 or altered polyadenylation status of several developmentally important gene transcripts (Pocar et al. 2001 , Brevini-Gandolfi et al. 2002 and a higher chance of reaching advanced developmental stages in comparison with late cleaving embryos (Van Soom et al. 1992 , Dinnyés et al. 1999 , Lequarré et al. 2003 , Favetta et al. 2004 , Gutiérrez-Adán et al. 2004 . Studies investigating the effect of developmental kinetics on the incidence of apoptosis during preimplantation embryo development in bovine are scarce. Previous research in our department (Vandaele et al. 2006) showed that fast cleaving embryos generated blastocysts with a significantly lower ACR compared with slow cleaving embryos. Whether this could totally be attributed to cytoplasmic quality or whether a cooperative effect between the embryos was more important could not be deduced from this study (Vandaele et al. 2006) . The first experiment was aimed at extending our knowledge about the importance of developmental kinetics in the incidence of apoptosis. It is our hypothesis that fast cleavers contain all the necessary gene products and proteins to support further development without any problems, whereas a lack of some gene products and proteins in slow cleavers could be related to a higher chance to go into developmental arrest or apoptosis. Many gene products such as histones 2A and 3A, YEAF, cathepsin B, and chaperonines TCP1, which are involved in genome regulation and transcription, protein turn-over, cell metabolism, and cytoskeletal organization, are expressed at higher levels in fast cleavers in comparison with slow cleavers (Kanka 2003 , Vigneault et al. 2004 , Dode et al. 2006 ). More importantly, we hypothesized that fast cleaving embryos may have a better cellular defense against oxidative stress, as was demonstrated by the higher expression of IDH and RAD50 (Dode et al. 2006) . Both genes are involved in the stress protection of embryos, since IDH, a NADPC-dependent isocytrate dehydrogenase modulates oxidative damage and RAD50 is involved in the DNA double-strand break repair (Lee et al. 2002 , Huang & Dynan 2002 ). Besides the lower expression level of some specific genes, gradual degradation of maternal mRNA (Dode et al. 2006) or lack of essential survival and growth factors and cytokines released by maternal cells (Brison & Schultz 1997 , Hardy 1999 , Spanos et al. 2000 , Sjöblom et al. 2005 can also be related to lower developmental competence and/or higher incidence of apoptosis in late cleaving embryos.
In the second experiment, the importance of oocyte quality in the induction of apoptosis in bovine in vitro embryos was further investigated at different time points during preimplantation development. The level of cytoplasmic maturation has been proposed as the common causative factor in the positive correlation between oocyte quality parameters (oocyte diameter, follicle size, morphology of cumulus-oocyte complex, composition of follicular fluid, and morphology of the ovary) and improved developmental competence (Lonergan et al. 1994 , Arlotto et al. 1996 . Our results not only confirmed the higher developmental fitness of large oocytes in terms of cleavage and blastocyst rate, but also pointed out that embryos originating from large oocytes had significantly higher cell numbers and lower percentage of caspase-positive cells at 45 and 80 hpi. At 168 hpi (blastocyst stage), no effect of oocyte diameter on blastocyst quality in terms of cell number and/or caspase activity could be detected. These results showed, in agreement with previous studies, that the effect of oocyte quality on embryo quality is restricted during later developmental stages and ends before the blastocyst stage ). This could easily be explained by the fact that an embryo fully depends on maternal cytoplasm until the maternal embryonic genome transition takes place from the 8-to 16-cell stage, since no (or very few) mRNAs are formed until then (Rodriguez & Farin 2004) . Fully mature cytoplasm of the oocyte provides the embryo with a battery of maternal mRNAs, proteins, and mitochondria, which are related to oocyte development competence and which may contribute to apoptotic pathways but also to defense mechanisms against apoptosis (Fair et al. 1995 , Otoi et al. 1997 , Stojkovic et al. 2001 . Microinjection of healthy cytoplasm protected oxidative-stressed zygotes from apoptotic death in mice (Liu & Keefe 2000) and improved fertility in older patients with compromised embryos in humans (Cohen et al. 1998 , Barritt et al. 2001 . Porcine studies have also shown that mitochondrial activity increases during meiotic progression and cumulus expansion (Thorner et al. 2004) . Since the oocyte diameter increases during follicular growth (Fair et al. 1995 , Hyttel et al. 2001 , we may expect large oocytes to be qualitatively better because of the higher rate of mRNA, proteins, and mitochondria, and thus optimal cytoplasmic maturity which will play a role until the blastocyst stage. Nevertheless, small oocytes can also produce blastocysts, probably because the increased quality of large follicles or oocytes is thought to be 'gradual', referring to the percentage of competent oocytes and not to the higher competence of a single oocyte (Gandolfi 1998 ).
In conclusion, the detection of active caspase-3 and -7 can be used as an alternative apoptotic marker during bovine embryo development. Developmental kinetics and oocyte diameter are important markers of embryo developmental potential and embryo quality in terms of the appearance of apoptosis, although the effect of oocyte diameter disappears at the blastocyst stage. Since both markers may possibly be related to cytoplasmic maturation of the oocyte in terms of maternal mRNA, proteins, and mitochondrial content, these findings indicate a significant maternal effect on embryo quality.
